Michael T. Laub, 5,6 Erin Goley, 7 and Suliana Manley 1,9, * SUMMARY Rod-shaped bacteria typically grow first via sporadic and dispersed elongation along their lateral walls and then via a combination of zonal elongation and constriction at the division site to form the poles of daughter cells. Although constriction comprises up to half of the cell cycle, its impact on cell size control and homeostasis has rarely been considered. To reveal the roles of cell elongation and constriction in bacterial size regulation during cell division, we captured the shape dynamics of Caulobacter crescentus with time-lapse structured illumination microscopy and used molecular markers as cell-cycle landmarks. We perturbed the constriction rate using a hyperconstriction mutant or fosfomycin ([(2R,3S)-3-methyloxiran-2-yl]phosphonic acid) inhibition. We report that the constriction rate contributes to both size control and homeostasis, by determining elongation during constriction and by compensating for variation in pre-constriction elongation on a single-cell basis.
INTRODUCTION
Cell size regulation is observed nearly universally among prokaryotes (Koch, 1996) , allowing them to both control their size at birth and homeostatically maintain it over multiple generations (Wang et al., 2010) . Cell size control and homeostasis are critical for survival: once too small, cells lack the volume required to host the essential machinery of life (National Research Council (US) Steering Group for the Workshop on Size Limits of Very Small Microorganisms 1999) or initiate chromosome segregation (Donachie and Begg, 1989) , whereas cells that are too large may suffer limitations in nutrient uptake (Beveridge, 1988) and distribution (Schulz and Jørgensen, 2001 ) because of their reliance on diffusive transport.
Size regulation is linked to cell cycle progression, which is marked by several key processes, including chromosome replication, segregation, and division into two daughter cells. These processes occur once per cell cycle in bacteria such as Caulobacter crescentus (Marczynski, 1999) , in contrast to rapidly proliferating organisms such as Escherichia coli (Cooper and Helmstetter, 1968) and Bacillus subtilis, whose cells often have multi-fork replication and which can, following nutrient up-shifts, initiate replication multiple times in a single cell cycle. In C. crescentus, differentiation from a swarmer to a stalked cell and the initiation of chromosome replication and segregation mark the transition from cell cycle phase G1 to S. The completion of replication marks the end of S phase. Once DNA segregation is completed, cells finish cytokinesis to form sibling stalked and swarmer cells during G2/M (Skerker and Laub, 2004) .
From the perspective of achieving a given size at birth, ''size control,'' individual C. crescentus cells elongate exponentially throughout the cell cycle, as is typical for rod-shaped bacteria. Their growth is divided into an initial stage of dispersed pure elongation as peptidoglycan (PG) is inserted sporadically along the lateral walls, followed by a stage of zonal elongation and then mixed elongation and constriction in G2/M phase during which PG is inserted at mid-cell to build two new poles (Aaron et al., 2007; Kuru et al., 2012) . In B. subtilis, strains in which the cells are on average longer at the onset of constriction are also on average longer at division (Taheri-Araghi et al., 2015; Weart et al., 2007) . This suggests a model for cell size control, by modifying the cell length at which the divisome, the multi-protein complex that guides division, begins to generate constriction. Similarly, in C. crescentus, chromosome segregation must initiate before the cytokinetic Z-ring can assemble at mid-cell, coordinated by the gradient-forming FtsZ inhibitor MipZ (Thanbichler and Shapiro, 2006) . Another possibility is that the rate of constriction is modulated; this was shown to be the case for MatP, which coordinates chromosome segregation and pole construction in E. coli (Coltharp et al., 2016) .
For a population to maintain its size over generations, ''size homeostasis,'' different rules have been proposed. In a ''sizer'' model, cells require a critical size to divide; in an ''adder'' model, cells add a fixed volume between birth and division; and in a ''timer'' model, cells maintain the time between divisions. Mixed models that combine aspects of each have had success in capturing a wide range of observations (Banerjee et al., 2017; Osella et al., 2014) and are often justified through their connections with specific cell cycle phases. In E. coli, chromosome replication from the start of the cell cycle until S/G2 may have a constant duration, underlying a timer (Cooper and Helmstetter, 1968) . The initiation of chromosome replication requires a fixed volume per origin of replication, and a fixed time to divide after initiation. This leads to a sizer under slow growth conditions and a phenomenological adder under fast growth, multi-origin conditions (Ho and Amir, 2015; Wallden et al., 2016) . Putative molecular mechanisms have generally relied on the accumulation of proteins above a threshold, such as an ''initiator'' of unknown identity triggering replication (Sompayrac and Maaløe, 1973) or excess PG cell wall precursors triggering constriction (Harris and Theriot, 2016) . A model of the latter case predicts a constant addition of volume per cell cycle, or adder. Indeed, an adder has been observed for C. crescentus under a wide range of growth conditions (Campos et al., 2014) . Deviations from a pure adder toward a mixed relative timer and adder have also been reported for stalked cells, observed over many generations and a range of different temperatures (Banerjee et al., 2017) . Any model incorporating a sizer or adder will allow smaller cells to increase, whereas larger cells to decrease in size over generations until both converge to a size set by the constant of addition (Jun and Taheri-Araghi, 2015) . Thus, both provide a clear means for a population to achieve size homeostasis.
Remarkably, although constriction makes up a significant portion of the cell cycle in many bacteria (den Blaauwen et al., 2017) , for example, up to 40% for E. coli (Reshes et al., 2008) or C. crescentus grown in minimal media (Laub et al., 2000) , its impact on cell size control and homeostasis has rarely been considered. Intriguingly, budding yeasts may use constriction rate to modulate their size in response to changes in growth conditions (Leitao and Kellogg, 2017) . However, a single-cell study of the contribution of the constriction stage in bacteria has been challenging, in part due to the diffraction-limited size of the constriction site and partly due to the need for corroboration by divisome markers to unambiguously identify constriction onset. Furthermore, direct measurement of the instantaneous constriction rate has not been possible.
Here, we investigated whether and how cells adjust their constriction rate to achieve cell size control and homeostasis. We used structured illumination microscopy (SIM) (Gustafsson, 2000) to resolve the constriction site diameter and measure the size of synchronized C. crescentus cells as they progressed through their cell cycle. We show that perturbing the constriction rate changes cell size, independent of the elongation rate. Furthermore, we found that within a population the onset of constriction and its rate are coordinated: cells that elongate more than average before constriction undergo a more rapid constriction, leading to less elongation during constriction, and vice versa. This compensation leads to a higher fidelity adder than permitted by onset control alone, allowing C. crescentus to better maintain its size in the face of biological noise.
RESULTS

Perturbing Constriction Rate Changes the Cell Length
To test the role of constriction, we perturbed its rate pharmacologically and genetically. Fosfomycin ([(2R,3S)-3-methyloxiran-2-yl]phosphonic acid) inhibits the PG synthesis enzyme MurA (Kahan et al., 1974) , which slows PG synthesis and therefore the constriction rate. In addition, the divisome includes cell wall remodeling enzymes, including the late-arriving FtsW and FtsI. Several point mutants of the glycosyltransferase FtsW (Meeske et al., 2016) and its cognate transpeptidase FtsI (Adam et al., 1997) , referred to as FtsW**I*, resulted in a gain-of-function phenotype in C. crescentus (Modell et al., 2014) . It was hypothesized that these mutations maintain the enzymes in their active state, and thereby would increase the constriction rate (Modell et al., 2014) .
We resolved cell shape dynamics during the cell cycle by performing dual-color imaging of the inner membrane and divisome proteins (FtsZ-GFP, FtsW-GFP) with time-lapse SIM ( Figure 1A ; Videos S1, S2, and S3; Transparent Methods; and Key Resource Table) on a synchronized population of cells. We used automated image analysis to quantify cell shape parameters during the cell cycle ( Figures 1B and S1 , Transparent Methods). The overall cell length relative to the wild-type (WT) strain was shorter for FtsW**I* and longer for fosfomycin-treated cells (Figures 2A, S2A , and S2B), consistent with previous studies (Harris and Theriot, 2016; Modell et al., 2014) .
Could elongation before the onset of constriction ( Figure 1C , onset modulation) set the differences in final length between FtsW**I* mutant, fosfomycin-treated, and WT cells? The appearance of a measurable constriction in SIM data corresponded well with the arrival of FtsW ( Figure S1C ) and allowed us to separate elongation before and after constriction onset. Differences in elongation before constriction for all conditions ( Figure 2B ) were insufficient to account for the observed differences in final length (Figure 2A ). Thus, we examined shape changes during constriction ( Figure 1C ). Individual cells continued to elongate exponentially with the same apparent rate, even as they changed from pure elongation to mid-cell remodeling and constriction ( Figures 2C and 2E) . However, the mean constriction rate was increased for the FtsW**I* mutant and decreased for fosfomycin-treated cells when compared with WT ( Figure 2C ), leading to differences in overall cell elongation during constriction ( Figure 2D ). We also examined the impact of MreB on cell size control using the point mutant MreBQ26P (Aaron et al., 2007) , which participates only in side-wall elongation and not in septal elongation. We found that cells were longer on average than WT, with a higher elongation rate, indicating that this is a gain-of-function mutation. Interestingly, the average constriction rate increased, resulting in a nearly unchanged elongation during constriction ( Figure S2D) . Thus, we have demonstrated that constriction rate modulation can be a mechanism for cell size control, independent of onset modulation (Taheri-Araghi et al., 2015; Weart et al., 2007) or elongation.
We found that individual cells continued to elongate at the same rate before and during constriction, although different perturbations modulated their constriction rate. Thus, faster constriction as in the case of FtsW**I* implies that cells should have shorter, blunter poles, whereas slower constriction as in the case of fosfomycin treatment implies that they should have longer, sharper poles. Indeed, kymographs show a more extended gradient in cell width at the poles of fosfomycin-treated cells ( Figure 2E ). In contrast, FtsW**I* cells show a steeper gradient at the poles. This was confirmed quantitatively by measuring the radius of curvature at the poles ( Figure 2F ). Furthermore, a population-wide analysis of pole shape demonstrated that over 95% of the total shape variance is accounted for with two principle shape modes, which primarily capture variation in the length and bluntness of the poles ( Figure 2G ). FtsW**I*, fosfomycintreated, and WT cells were all distinct along each of these shape axes. We also observed differences in the width of the Z-ring, which appears laterally extended in the fosfomycin case ( Figure S2C ). This may result from changes in length at constriction onset, since the region of lowest MipZ concentration will be more extended in longer cells (Thanbichler and Shapiro, 2006) .
Constriction Rate Modulation Balances Elongation before and during Constriction
To better decipher the relative role of the constriction rate in cell size regulation, we further analyzed its contribution to cell size homeostasis. Our experiments were designed to precisely measure the relative (F) Pole shape analysis. The curvature is the reciprocal of the radius (Rc) of a circle tangent to the curve at a given point, here taken to be the pole. Each cell contour represents a representative single cell from each condition; the distribution of curvatures is plotted above (median value, black bar). *p<0.05. (G) The pole region was extracted from each contour (>6,000 cells per condition) and analyzed using principal component analysis (Celltool ). Shape mode 1 mostly accounts for variation in the length of the pole; shape mode 2 mostly accounts for variation in the bluntness of the pole independent of length. The distributions of each shape mode are plotted, with examples of corresponding shapes. *p<0.05. See also Figure S2. iScience 4, 180-189, June 29, 2018 183 contributions to total elongation, and not to distinguish between different general models of homeostasis, which would require measurement over thousands of generations. We found that cells elongated with a distinct mean value for each condition (Figure 3) , and that the more individual cells elongated before, the less they elongated during constriction across all conditions tested, including in E. coli WT cells (Figures 3 and S3) . Indeed, the total elongation was independent of the relative time that the cells spent in elongation and constriction phases, with the exception of fosfomycin-treated cells (Figure 3 ), generally consistent with an ''adder.'' Consequently, the variance in total elongation was lower than the variances in elongation before and during constriction would have independently suggested. This was true for all populations, including under perturbed conditions ( Figure S3A ). These results demonstrate compensation, or over-compensation in the case of fosfomycin (Figures 3 and S3B ), between elongation before and during constriction, resulting in a higher fidelity homeostasis for total elongation ( Figures  S3A-S3C ).
What could be the mechanism for this compensation? Elongation and constriction rates together determine elongation during constriction. Compensation could occur if cells that elongate less before onset subsequently elongate more rapidly or constrict more slowly. However, elongation rate during constriction did not negatively correlate with elongation before constriction ( Figure S4A ). To better understand constriction dynamics, we examined single cell waist widths as a function of relative duration of constriction ( Figure 4A ). Cells that elongated more before constriction also spent relatively less time constricting, indicating a higher overall constriction rate. The converse was true for cells that elongated less before constriction, but this observation alone does not rule out the possibility of a very late regulatory step being responsible for changes in average constriction rate. Single cells constricted with increasing rate until division; thus, we defined two rates, corresponding to early and late constriction ( Figure S4B ), similar to Banerjee et al. (2017) . Interestingly, early constriction rate correlated positively with elongation before constriction, but late rate did not (Figures 4B and 4C) . Hence, early constriction rate changes at the single-cell level to adjust elongation during and compensate elongation before constriction.
Although molecular mechanisms have been proposed for ensuring homeostasis, the identity of the underlying regulatory factors remains controversial. A previous model estimated PG precursor excess amount as a function of cell cycle (Harris and Theriot, 2016) . Each cell is assumed to be born with negligible excess and generates an increasing excess of PG precursors during elongation. PG precursors are synthesized in the cell volume, at a volume-dependent rate, while being depleted as they become integrated into the cell wall (see Transparent Methods, Estimation of Excess Peptidoglycan Precursor). Using this model and experimentally measured cell contours to estimate the changes in surface area (DA) and volume (DV), we calculated the excess precursor area (A excess ) at the onset of constriction (T c ) for individual cells at the onset of constriction:
Here, hi cell cycle refers to the value averaged over the cell cycle. Since it took on average 30 min to set up each experiment, we underestimated the volume and area at birth, leading to an offset toward negative estimated precursor excess ( Figure 4D ). However, we expect the trends to be insensitive to this shift.
DISCUSSION
To explain our findings of constriction rate modulation dependent on elongation, we speculate on a parsimonious model in which PG precursor excess also sets the rate of PG remodeling at the constriction site, and therefore the rate of constriction: the higher the excess, the shorter the constriction duration. Indeed, we observed a positive correlation between the early rate of constriction and estimated excess PG precursor for WT and FtsW**I* cells ( Figures 4D and S4 ). This is also consistent with measurements of compensation in the MreBQ26P mutant, in which cells elongate faster. According to this model, an increased elongation rate with a constant PG precursor production rate implies that cells will be longer when they achieve a critical concentration to initiate constriction, without disrupting compensation. This is consistent with our findings ( Figure S3E ), indicating that MreB does not play a major role in setting constriction rates. Furthermore, as the new cell poles are built, the excess PG precursor should diminish, leading to a decreased creation of area per time. This is indeed what we observe (see Transparent Methods, Empirical Constriction Model), consistent with models of constriction rate in E. coli (Coltharp et al., 2016) . We also observed a positive correlation between the overall rate of constriction and elongation before constriction in E. coli ( Figure S3F ), although we were not able to independently verify early and late constriction rates. Fosfomycin inhibits PG synthesis, so we can no longer use the same mathematical expression to estimate precursor excess, since the activity of fosfomycin would introduce an extra depletion term. Interestingly, within our model, this should lead to a slower constriction, consistent with our observations ( Figure 2C ).
Although we have posed the regulatory factor to be PG precursors, this remains controversial because there is only indirect evidence for their role. Any ''X-factor'' regulatory molecule for constriction rate following the functional relationship described for surface area and volume would fit within the model we suggest. On the other hand, cells that do not elongate during the constriction phase should be insensitive to constriction rate compensation. Within the context of ''size homeostasis,'' this proposed mechanism neither precludes nor requires any given overall model, but does suggest a means to achieve higher fidelity in adder-type models. The fact that this compensation occurs as a late step in cell cycle is consistent with the analysis of the adder, which was shown to require a regulatory step after the assembly of the Z-ring, during the constriction stage (Campos et al., 2014) .
Under nutrient-enriched growth conditions, Salmonella, E. coli, and B. subtilis can coordinate their cell size with nutrient availability, perhaps to allow sufficient room for multi-fork replication (Donachie and Begg, 1989; Sargent, 1975; Schaechter et al., 1958 ) and a concomitant increase in cell size to maintain a constant volume per origin (Amir, 2017; Zheng et al., 2016) . Remarkably, C. crescentus shows no such nutrient adaptation (Beaufay et al., 2015; Campos et al., 2014) , and how its size is modulated in the face of mutations or pharmacological perturbations has remained a mystery. Our findings show a clear contribution to cell size control from growth during the final constriction stage of the cell cycle. Modulation of constriction dynamics changes the overall length of cells, in a manner that has implications for cell shape. In the hypothetical case of extremely rapid constriction, the cell length would be set almost entirely by the growth during the pure elongation stage, leading to short cells with blunt poles. By modulating constriction onset and rate together ( Figure 4E ), cells may arrive at a variety of pole shapes, an emerging control mechanism for bacterial cell shape (Lariviere et al., 2018) .
Intriguingly, the cell wall itself can have differential properties at the division site. In B. subtilis, the division septum has an enrichment of pentapeptides compared with the rest of the cell envelope (Morales Angeles et al., 2017), perhaps due to a change in the cross-linking or PG composition. In E. coli, glycan strands lacking stem peptides are enriched at the septum, allowing proteins containing the PG binding (SPOR) domain to be recruited (Yahashiri et al., 2015) . In C. crescentus, the hydrolase DipM is recruited to the division site by its PG binding LysM domains, suggesting a distinct PG chemistry (Goley et al., 2010; Mö ll et al., 2010; Poggio et al., 2010) . Consistently, we observed a differential, reduced staining by wheat germ agglutinin at mid-cell for later stages of the cell ( Figure S4I ) (Douglass et al., 2016) . We expect that in future studies it will be important to use fluorescent cell-cycle markers in conjunction with fluorescent D-amino acids (Kuru et al., 2012) , which together can identify cell-cycle timing and modes of growth. It would be interesting to investigate whether the rate of constriction also affects the cell wall chemistry at the division site.
Different factors have been demonstrated to be important for determining constriction dynamics. Before cells can build a septal wall, chromosomes must be partitioned; accordingly, machinery that coordinates the two, such as MatP in E. coli, can also modulate constriction rate (Coltharp et al., 2016) . Similarly, dynamically treadmilling FtsZ filaments act as a scaffold to direct cell wall remodelers to the division site and can modulate their rate (Bisson-Filho et al., 2017; Lariviere et al., 2018; Yang et al., 2017) . Nevertheless, the activity of PG remodeling enzymes involved in constriction might depend on PG precursor concentrations and thus may act as a part of a responsive machine. The PG remodeling enzymes FtsW and MurJ are both proposed to act as lipid II flippases (Meeske et al., 2015; Mohammadi et al., 2011) ; intriguingly, in Staphylococcus aureus, MurJ recruitment was recently shown to coincide with a second, late constriction stage in which the constriction rate shows reduced sensitivity to chemical inhibition of FtsZ dynamics (Monteiro et al., 2018) . Similarly, we have shown that mutations to FtsW can increase the constriction rates in C. crescentus, an organism in which biphasic constriction was also reported (Banerjee et al., 2017) . Since, for individual cells, elongation proceeds exponentially with a single rate constant even as PG precursor excess is predicted to increase over the cell cycle, the elongation machinery is presumably relatively insensitive to changes in PG precursor amounts. By coupling the elongation machinery to the PG precursor-sensitive constriction machinery, the cell may have arrived at a simple means of compensating for fluctuations in elongation during different phases of the cell cycle. Consistent with this, others have proposed that septal and lateral PG synthesis draws precursors from the same pool, allowing communication to occur between the two processes (Harris and Theriot, 2016; Woldringh et al., 1987) . This compensation still has its limitations as we observed in the case of FtsW**I* ( Figure S3B ); in the case of large elongation before onset, cells must still elongate by a minimum amount during Z-ring maturation ( Figure S2C ) and constriction. In the future, it will be interesting to identify the molecular partners responsible for constriction rate modulation and PG sensing, and to experimentally investigate the mechanism behind compensation of elongation.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. plasmid to yield the Pvan mCherry-MTS2 strain. These strains were then electroporated with the Pxyl FtsZ-GFP, Pxyl FtsW-GFP or Pxyl FtsW**-GFP plasmid to yield the respective dual color strains.
DATA AND SOFTWARE AVAILABILITY
Growth conditions
Liquid C. crescentus cultures were grown overnight at 28°C with 15 mL of M2G minimal media under mechanical agitation (180 rpm). Each specific inducer for every different condition is described below.
Fosfomycin perturbation was achieved with a subminimal inhibitory concentration of 12.5 µg/ml added one hour prior synchronization. To induce the expression of mCherry-MTS2 from the Pvan promoter, 0.5 mM of vanillate was added to the culture before overnight growth. For the expression of FtsW-eGFP, xylose was added to reach a final concentration of 0.3 % (mass per volume) 2 hours before synchrony as optimized previously (Goley et al., 2011) . Pxyl FtsZ-eGFP was induced overnight at 0.003 % xylose in M2G as optimized in a previous study (Holden et al., 2014) .
Liquid E. coli cultures were grown overnight at 37°C in M9 medium under mechanical agitation (180rpm). mCherry-MTS2 was induced from the PBAD promoter by adding 0.01% (m/V) arabinose during overnight growth. FtsZ-GFP was induced from the Plac promoter using 20 µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 2 hr prior to the experiment.
METHOD DETAILS
Sample preparation
C. crescentus cells were synchronized at 4°C by Percoll density gradient (Schrader and Shapiro, 2015) when they reached mid-exponential phase (OD660=0.3-0.5).E. coli cells were not synchronized before the experiment, instead cell birth was identified from the time-lapse images. A silicone gasket (Grace Biolabs, 103280) was placed on a rectangular cover slide, and filled with 1% M2G agarose (Ultra PureTM Agarose, Sigma) containing fosfomycin, xylose and vanillate at the appropriate concentrations when needed.
Vanillate was present at 0.5 mM in all experiments with C, crescentus, xylose was present at 0.003% for induction of FtsZ-eGFP, but absent for the FtsW-eGFP experiments. Fosfomycin was added to a final concentration of 10 µg/ml for drug perturbation experiments. For the E. coli experiments, 0.01% Arabinose was present in the M9-agarose pad. A cover slide was placed on top of the silicone gasket before solidification of the agarose to achieve a flat agarose pad. After 5 min, the top cover slide was removed, and a 1 µL drop of a synchronized cells suspension was placed on the pad. A small piece of agarose (~1 mm) was cut out on two opposing sides to ensure aerobic conditions during imaging. After absorption of the droplet, the pad was sealed with a plasma-cleaned #1.5 round coverslip with a diameter of 25 mm.
Image acquisition
Microscope set up SIM microscopy was performed on the 3D NSIM Nikon microscope, with a CFI Apochromat TIRF objective (100 x, NA 1.49, Nikon). The microscope was equipped with 400 mW, 561 nm and 480mW, 488 nm lasers (Coherent Sapphire) and a back-illuminated EMCCD camera (iXon 3, Andor Technology) with a 512x512 pixel CCD sensor.
Acquisition settings
Dual color imaging of the cells was performed at 28°C using the 488 nm and 561 nm lasers for the divisome protein-eGFP channel and the mCherry-MTS2 channel respectively. The camera was operated with a readout speed of 1 MHz and a dynamic range of 16 bit to have the maximum pixel readout speed at the highest dynamic range. The preamplifier gain and the electron multiplication gain were set to 1 and 200 respectively to maximize the signal to noise at the chosen dynamic range. All raw SIM images were acquired with a camera acquisition time of 200 ms and 100 ms (5 fps and 10 fps) for the 561 and 488 channels. The laser power for both channels was 4 W/cm2. These settings yielded a good balance between image quality and photo-bleaching.
All the raw images were acquired in 3D SIM image mode to ensure the highest signal to noise ratio and lateral resolution. Fifteen images were captured of each 30.7×30.7 µm field of view, five phase-shifted images per angle at each of three interference pattern angles. A full raw dual color image stack was acquired in 17s.
Live-cell fluorescence microscopy over the cell cycle was achieved by performing time-lapse imaging. 3D SIM snapshots were captured at 5 min or 10 min (for fosfomycin-treated cells) time intervals to follow dynamics while minimizing photo-bleaching of the sample during the image acquisition. Multiple fields of view were imaged sequentially at each time point, allowing following up to 200 cells per experiment. Superresolved SIM images were reconstructed by the Nikon NIS-Elements software.
Bleach correction
For visualization in Figure 1A and S1C, the images were bleach corrected based on the whole field of view, using the Bleach Correction function in ImageJ, using the "Simple Ratio" algorithm, for which the approximate background value was determined manually. Bleach correction was not performed for the analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of cell shape dynamics
The super-resolved SIM images were processed via a custom-made software package called sDADA (Shape Dynamics Automated Data Analysis). sDADA generates scatter plots, histograms and violin plots in order to study key parameters controlling the cell size and homeostasis, such as: elongation rate, constriction duration, length at birth, onset, onset time. sDADA extracts these parameters from the analysis of the cell shape dynamics thanks to semi-interactive modules for image segmentation, edge detection, cell filtering, cell tracking and statistical analysis (See Detailed image analysis workflow). The MATLAB-based software package is available together with its documentation upon request. For the E. coli data, the septum is much more vertical than in C. crescentus, therefore it is no longer possible to robustly measure the early and late constriction rates with sDaDa, moreover, these cell could not be synchronized. For these data ( Figure S3F ), we manually identified cell birth, division onset and division times and lengths.
Parameter definition
We assumed as time zero (T0) the time at which the suspension of synchronized bacteria is added to the agarose pad. This occurred approximately 20-40 minutes before starting time-lapse SIM acquisition. For E. coli data, T0 was the time of first frame after the mother cell divided. TC, TZ, and TW refer to the constriction onset time measured with different approaches. TZ is the time of the FtsZ assembly, which we assumed to occur when the fluorescence intensity of FtsZ-eGFP at mid-cell was three times higher than elsewhere. TW is the FtsW arrival time measured as the moment at which the FtsW signal appeared stable at midcell ( Figure S1C ).
TC is defined as the time at which the constriction invagination depth is equal to a predetermined normalized waist width threshold. To find the optimal threshold, we tested different thresholds in the reasonable range from 80% up to 99% of the maximum diameter, with step sizes of 1 %. Since The total elongation is the difference between LG and LB. Elongation before constriction and during constriction are defined respectively as the difference between LG and LC, and between LC and LB. When specified, LW can be used instead of LC.
Statistical tests
For each parameter defined in the section above, the statistical significance of observed differences between strains or conditions was tested. We compared the means of the repeats using Mood's median test. The correlation between variables was analyzed using Pearson's correlation coefficient in the presence of a linear trend or the Spearman's correlation coefficient for non-linear relationship. The experiments were performed in two independent replicates per condition with a minimum of 100 cells analyzed per replicate, and 200 minimum per condition.
DETAILED IMAGE ANALYSIS WORKFLOW.
Cell shape dynamics and fluorescence measurement
A robust semi-automated pipeline was developed to identify, track and measure shape parameters (length, width, waist width) of hundreds of cells imaged in time lapse movies over the all cell cycle. Also distributions of the variables and correlations between variables were analyzed using this pipeline.
Drift correction
To simplify the tracking of cells over time, the time-lapse videos were drift-corrected using the Fiji plugin "Descriptor based registration (2d/3d + t)" (Preibisch et al., 2010) . The dual-color experiment, registration of both channels was performed based on the drift observed in the red-channel (561nm). The description of the main features of the sDaDa program and of the general steps in a typical pipeline ( Figure S1 ) are presented below.
The main pipeline stages of the software are (1) image segmentation and first edge detection guess, (2) cell tracking, (3) edge detection refinement and shape parameters measurement, (4) divisome ring identification (5) shape parameters correlation analysis and outputs display.
More specifically, the segmentation step (1) is based on two processes: the first is based on the Otsu's thresholding method (Otsu, 1979) to distinguish background pixels from foreground one; the second group together a set of pixels by seeing which pixels are connected to each other. The Otsu's method sets a proper threshold via maximizing the inter-class variance of the bi-modal histogram of the pixel intensities (foreground pixels and background pixels). Connected pixels that have a signal value higher than the threshold are tagged with the same number and identify as part of a cell only if they form an area bigger than 0.5 µm2. We used two built-in MATLAB functions (graythreshold() and bwlabel()) for Otsu's image thresholding and to identify each individual cell.
A microbeTracker function named model2mesh.m defines the first cell contour guess starting from the edge detection performed with buit-in MATLAB functions bwperim()and bwtraceboundary()). The model2mesh function retours two semi-contours, corresponding to the 'left' and 'right' sides of the cell.
From the two semi-contours, the bacteria poles (the two farthest apart points on the contour) and the centerline (the average of the two half contour parts) can be easily identified.
Within the segmentation stage, the cell shape search, control and refinement is done thanks to an interactive tool.The user has several tools inspired by the MicrobeTracker (Sliusarenko et al., 2011) approach to manipulate the region, such as removing parts, joining two regions, smoothing, expanding.
The user can also choose to delete the current time point of the cell or to mark the cell as divided, after which it will no longer be followed.
In order to track the same bacteria in successive frames (step (2)), the program performs a search based on a spatial analysis. The area and the barycenter position belonging to a cell in one frame is compared with the spatial distribution of pixels belonging to the possible corresponding cell in the following frame.
The two regions correspond to the same cell if the difference between these two spatial distributions is lower than a user-defined tolerance parameter. The tracking search stops when the cell divides or when one region does not pass the search criteria.
The FtsZ and FtsW divisome assembly time (TW and TZ) is determined by monitoring the intensity profile along the centerline length over the cell cycle (step (4)). TW and TZ are the moments at which FtsZ and FtsW fluorescence signals reach their maximum intensity at the midcell.
The segmented regions, containing a well-identified cell, can therefore enter the second stage (3) where the program extracts and accurately measures the shape parameters described below.
The diameter is measured by taking perpendicular slices of the bacteria image along its centerline length.
Using the intensity profile along each slice, a histogram with two maxima corresponding to the cell edge will define the diameter. The intersection of the histogram with a line parallel to the abscise axis at half maximum high, identify up to four abscises (two for each maximum). The diameter is the difference between the two furthest apart abscises. Repeating this procedure for each slice of the bacteria, the diameter profile as a function of the length could be achieved ( Figure S2 ). The minimum between two maxima of the diameter as a function of the length will then define the measure and the position of the constriction site. As a consequence, the waist width will be easily defined: the ratio of the width of the constriction site and the maximum diameter along the cell. Lastly, the length is measured by calculating the arc length of the centerline.
The program examines the temporal evolution of the length and the waist width for all single cells detected in a time-lapse experiment. From these curves, it extracts the elongation rate, the length at birth (LB) and the division time (TG). The onset time TC and the duration of the constriction are measured as explained in the Methods "Parameter definition" section.
The volume and the surface area of a cell are estimated based on the measured widths along the length of the bacterium. The width versus the length profile is first smoothed using a spline function, to filter out the noise that would inflate the surface area estimation. The bacterium is assumed symmetric along its central axis. Therefore, assuming cross-sections perpendicular to the axis are circular, the volume and surface area can be computed by treating the measured 'segments' of the bacterium as a series of conical frusta.
The last stage (5) provides a set of statistical tools to study the correlations between the parameters extracted and to measure their average and variance. The user can generate a scatter plot for each possible couple of parameters combination (e.g. the scatter plots in Figure 3) . Moreover, the user can generate a violin plot for each parameter to inspect its statistical distribution over the entire population (e.g. the violin plots in Figure 2 ). To conclude the program computes the correlation coefficient of each couple of parameters.
Analysis of cell poles was performed using the Celltool software package ( ;
http://zplab.wustl.edu/celltool/). Image-derived cell shapes were converted into parametric spline curves , and centerlines were fit to each cell shape (as described in (Sycuro et al., 2010) ), again using Celltool. Cell poles were defined as the position on the cell outline closest to the ends of the centerline, and the curvature at that position was calculated from the first and second derivatives of the parametric spline x(t), y(t): curvature = (x′y″ -y′x″)/( x′ 2 + y′ 2 ) 3/2 , where prime and double-prime represent the first and second derivatives, respectively. The "pole regions" used for PCA shape analysis were defined as all points within distance d from each endpoint, where d was set to 5% of the total cell perimeter (so 20% of the cell boundary was counted as one pole or the other). Principle modes of poleshape variation were computed with Celltool, as previously described .
ESTIMATION OF EXCESS PEPTIDOGLYCAN PRECURSOR. Related to equation 1.
The assumptions and derivation are based on the work of Harris and Theriot (Harris and Theriot, 2016) Assumption 1: Peptidoglycan precursor (P) production is proportional to the cell volume (V).
= (1)
With being the rate constant of P production per unit of V, we assume is constant over the cell cycle (it changes over larger timescales than the generation time)
. [ ] = µ 3
Assumption 2: PG precursor consumption is proportional to the increase in cell surface area (A):
With being the rate constant of P consumption per unit of A, we assume λ is constant over the cell cycle (it changes over larger timescales than the generation time). [ ] = µ 2
The total rate of change in precursor is then:
The amount of PG precursors produced between cell birth and an arbitrary time in the cell cycle, , is calculated as follows, using exponential Volume growth: Alternatively:
With ∆ , ∆ and ∆ being the increase in P, V and A respectively. ∆ is the excess precursor expressed as the surface area that could be built with it. Expresses how volume growth results in production capacity of surface area. To find its value, we can use a third assumption: over a cell cycle, between birth and division of a cell, the amount of precursor that is produced equals the amount that is used, or the net production of precursor is zero:
If we apply (6) to (5), we get:
At the onset of constriction, when = , this can be written as:
Note that ∆ = describes the excess precursor as the amount of surface area that could be built with it.
EMPIRICAL CONSTRICTION MODEL. RELATED TO FIGURE S4.
Early and late constriction rate determination (Fig S4E, F 
):
Early constriction rate is defined in nm/min as the difference of diameter over the duration of constriction, during early stage of constriction from a normalized waist width of 90% to 60%):
-Early constriction rate(nm/min)=(D(w=0,9) -D(w=0,6))/(t(w=0,6)-t t(w=0,9)) Late constriction rate is defined in nm/min as the difference of diameter over the duration of constriction, during late stage of constriction from a normalized waist width of 60% to 30%:
Late constriction rate(nm/min)=(D(w=0,6) -D(w=0,3))/(t(w=0,3)-t t(w=0,6))
Diameter and time coordinates at waist 0.9, 0.6, 0.3 were determined using linear interpolation.
Instantaneous constriction rate determination (Fig S4G, H):
To access instantaneous constriction rate ( Figure S4G , H), we used a previously defined empirical model (Coltharp et al., 2016) :
Where D(t) is the diameter of the constriction site in function of time, t, while D0 is the diameter at constriction onset,
⁄ is the normalized waist width. TC is the time at constriction onset, while TG is the time when constriction and the cell cycle finishes. TG-TC is the duration of constriction. α is a variable reflecting the change in constriction rate. For constant constriction rate α equals 1, for a constant buildup of the area of hemispherical poles, α equals 2. Average values for α were 1.4 for the WT and 1.5 FtsW**I, suggesting cell wall remodeling rate slows down in both strains. 
DATA AND SOFTWARE AVAILABILITY
